Sperm competition has classically been thought to maintain anisogamy (large eggs and smaller sperm) because males are thought to maximize their chance of winning fertilizations by trading sperm size for number. More recently it has been recognized that sperm quality (e.g., size, velocity) can also influence sperm competition, although studies have yielded conflicting results. Because sex evolved in the sea, debate has continued over the role of sperm competition and sperm environment in determining both sperm and egg size in externally fertilizing broadcast spawners. Remarkably, however, there have been no direct tests of whether broadcast spawners change the traits of their gametes depending on the likelihood of sperm competition. We manipulated the density (and thus, sperm environment) of a broadcast spawning ascidian (Styela plicata) in the field and then determined whether the phenotype of eggs and sperm changed. We found that sperm from adults kept at high density were larger and more motile than sperm from low-density adults. In vitro fertilizations revealed that sperm from high-density adults also lived longer and induced less polyspermy. Adult density also affected egg traits: eggs from high-density adults were smaller targets for sperm overall but produced larger ovicells than eggs from low-density adults. This suggests that broadcast spawning mothers balance (potentially conflicting) pre-and postzygotic selection pressures on egg size. Overall, our results suggest that sperm competition does not represent a strong force maintaining anisogamy in broadcast spawners. Instead, sperm limitation seems to select for large eggs and smaller, more numerous sperm.
T
he fundamental difference between the sexes is that males produce numerous, tiny sperm, and females produce relatively fewer, large eggs (anisogamy). Classic theory suggests that anisogamy most likely evolved by, and is maintained through, sperm competition (whereby sperm from 2 or more males compete to fertilize an egg) because males producing a greater number of sperm have a competitive advantage (refs. 1 and 2; but see ref. 3 for an alternative). In species with internal fertilization, competition for fertilizations can therefore be viewed as a ''raffle,'' whereby males that have the highest representation of sperm in the pool have the greatest chance of fertilizing eggs (4, 5) . More recently, however, it has been proposed that sperm quality (e.g., sperm size, velocity, and longevity) can also influence the outcome of sperm competition (6, 7) . Furthermore, because a male's sperm supply is limited (8, 9) and each mating opportunity may carry a variable risk of sperm competition (10) , males must make decisions on the optimal allocation of both sperm number and quality for each mating event. The optimal allocation of sperm size and number within an ejaculate remains a source of intense debate (reviewed in refs. 7 and 9) .
The prediction that males should increase the number of sperm within an ejaculate under increased risk of sperm competition is generally supported by empirical evidence from internal fertilizers (9, (11) (12) (13) . In contrast, tests of predicted changes in sperm quality have yielded mixed results (7, 14) . Interspecific comparisons show that sperm size can increase (15) (16) (17) , decrease (18) , or have no relationship (19) (20) (21) (22) with increased risk of sperm competition-with some studies of the same taxonomic groups producing conflicting results (reviewed in ref. 7) . Results from intraspecific studies are also equivocal, with advantages shown alternatively for larger sperm (23, 24) , smaller sperm (11) , or for sperm of no particular size at all (25, 26) . Much of this variability may arise from the fact that sperm size may covary with velocity and longevity, and the benefits of these traits may be highly context dependent. The relationship between sperm competition and sperm longevity may be positive (21) , negative (27, 28) , or absent (29) , and fertilization success may increase for sperm that are faster (26) or longer lived (27) . Hence, it remains unclear whether males should adaptively adjust sperm traits in response to changes in the risk of sperm competition.
Recently, manipulative experiments on internal fertilizers suggest that males may indeed adjust their sperm quality in response to the perceived risk of sperm competition (29) (30) (31) (32) . However, although our understanding of the role of sperm competition in shaping selection on sperm size and number in internal fertilizers has increased, it is difficult to relate these findings back to the ancestral condition of broadcast spawning. Broadcast spawning is the main mode of reproduction in the sea and involves the release of both eggs and sperm into the water column, whereupon gamete contact and fertilization occur externally. External fertilization is therefore a more risky process than internal fertilization: at one end of the spectrum, fertilization success can be limited by insufficient sperm due to rapid dilution, and at the other extreme, very high local concentrations of sperm can induce lethal polyspermy (33) . Thus, the selective forces acting on broadcast sperm are very different from those acting on internal fertilizers (3, 34, 35) , and theoretical predictions developed for internal fertilizers are unlikely to apply to external fertilizers. For example, Bode and Marshall (3) show that selection should favor males that release fewer, rather than more, sperm when faced with competition. This is because the proportion of eggs that are likely to suffer polyspermy increases with the number of competing males. Thus, a more comprehensive understanding of the evolution and maintenance of anisogamy requires broadcast spawners to be examined directly. Because the effect of sperm traits on fertilization success can be observed during in vitro fertilization in these systems (36, 37) , broadcast spawners provide a unique opportunity to directly assess the functional consequences of changes in sperm traits. Moreover, because sexual selection in this group mainly manifests through the interaction of gametes in the water column, we would expect gamete responses to sexual selection to be particularly strong (38) .
Selection on sperm size is only half of the anisogamy equation, and for broadcast spawners in particular the local sperm environment represents a selective pressure on egg size (reviewed in ref. 37) . Larger eggs provide larger targets for sperm, so at low sperm concentrations larger eggs are more likely to be hit by sperm and fertilized (39) (40) (41) . At high sperm concentrations, however, larger eggs are more likely to come into contact with multiple, coincident sperm and become fatally polyspermic (41) (42) (43) . The local sperm environment may represent such a strong selection pressure that differences in egg size among species of sea urchin may be driven by interspecific differences in the local sperm environment (44) (45) (46) . However, although the sperm environment probably represents a significant selection pressure on egg size, postzygotic pressures will also determine the optimal size of eggs mothers should make (47) . Egg size affects development rate, settlement behavior, and postmetamorphic performance in marine invertebrates (47) . Hence, mothers may face the challenge of optimizing investment to balance potentially opposing pre-and postzygotic selection pressures. The recognition of these conflicting selection pressures has led to an intense debate over the role of the sperm environment in the evolution of egg size in broadcast spawners (37) .
Increasing egg size is not the only way in which mothers can increase the chances that their eggs will be fertilized. Many marine invertebrate eggs have accessory structures, such as follicle cells or jelly coats, that increase the overall target size for searching sperm (48, 49) . Furthermore, the eggs of some species release sperm chemoattractants that increase the virtual size of eggs, increasing their chances of being contacted by sperm (50, 51) . Such egg accessory devices are thought to be energetically inexpensive relative to the actual ovicell itself (52) , and so some have argued that selection due to the sperm environment will act more strongly on accessory structures than ovicell size per se (49) . One potential means of resolving this debate is to manipulate the local sperm environment that mothers face and determine whether mothers change the relative size of their eggs in response. Previous studies on brooding marine invertebrates show that mothers adaptively adjust the size of their offspring in response to changes in local competition (53) , but none have examined the effect of manipulating the sperm environment. By manipulating the density of adults in the field (and thus the likely sperm environment), we examined whether gamete size is a plastic trait in broadcast spawners, providing insight into the role of sperm competition in the maintenance of anisogamy.
Results
Effect of Adult Density on Egg Properties. Adult density had a significant effect on egg size after 1 month in the field (Table 1) . Adults at low densities produced eggs with a total egg area (i.e., sperm target size) that was 9% larger than in eggs produced from adults at higher densities (Fig. 1a) . However, different components of the egg responded differently to adult density. Eggs from low-density adults had a 31% larger follicle cell area (Fig.  1c) , but the ovicell area was on average 5% smaller (Fig. 1b) . Thus, the increase in overall size was due to the increase in follicle cell area. In simple terms, eggs from low-density adults were larger targets for sperm (owing to their larger follicle cells), whereas eggs from high-density adults had larger ovicells (thereby yielding larger embryos) yet were smaller targets for sperm overall (owing to their smaller follicle cells).
Effect of Adult Density on Sperm Properties. Adult density also had a significant effect on sperm size, sperm motility, and sperm longevity ( Table 2) . Sperm from high-density adults were larger ( Fig. 2a ), more motile (Fig. 2b) , and remained capable of fertilizing eggs for longer ( Fig. 2c ) than sperm from low-density adults. These changes in sperm characteristics also had functional consequences when we conducted in vitro fertilizations.
Whereas sperm from adults kept at different densities in the field did not differ significantly in the level of fertilization success they achieved at low to moderate sperm concentrations, they differed at higher sperm concentrations. Sperm from high-density adults achieved higher levels of fertilization success at high sperm concentrations than sperm from low-density adults ( Fig. 3 and Table 2 ), suggesting that sperm from high-density adults induced lower levels of fatal polyspermy. Importantly, there was no difference in the concentrations of sperm extracted from individuals in either treatment (see ''Data Analysis'' in Methods).
Discussion
Changing the likely sperm environment seems to result in adaptive plasticity of gamete traits in the broadcast spawning ascidian, Styela plicata. Animals in high-density environments (and thus with high levels of sperm competition) produced sperm that were larger, more motile, and remained viable for longer than sperm collected from animals kept at low density. Moreover, we found support for the functional significance of these changes in sperm traits, because sperm from high-density individuals had a higher in vitro fertilization success in high sperm concentration conditions. Gamete plasticity was not restricted to sperm traits alone: animals in high-density environments produced eggs with a reduced overall size while simultaneously increasing the ovicell and thus embryonic size of each egg. Therefore, it seems that these broadcast spawners are adaptively adjusting the properties of their gametes in response to the risk of a combination of both pre-and postzygotic factors.
The functional benefits underlying changes in sperm traits seem to result from a reduction in the incidence of lethal polyspermy, given that fertilization success significantly dropped in high sperm concentration trials using sperm from low-density animals compared with high-density animals (Fig. 3) . Interestingly, this result occurred despite the use of standard in vitro fertilization techniques designed to minimize the effects of polyspermy (see Methods). Because local density is a good indicator of the likely sperm environment, animals in highdensity environments are most likely to face polyspermyinducing sperm concentrations and seem to be producing sperm that are less likely to induce polyspermy. In external fertilizers with (relatively) fast blocks to polyspermy, faster sperm are predicted to have an advantage at finding unfertilized eggs (26, 28, 54, 55) ; however, high-velocity sperm may also be more likely to induce polyspermy (42). Although we were unable to directly measure sperm velocity, velocity is expected to trade off against longevity (6, 26, 55 ; but see 29, 56) . Therefore, given that sperm from high-density animals lived longer, it is possible that the high-density sperm had a reduced velocity, which could lower collision rates and serve a similar function to reducing sperm numbers under high competition [as predicted by Bode and Marshall (3)]. Such an interpretation can only be speculative without direct measurements on sperm velocity, but it is interesting that sperm from high-density animals not only lived longer but achieved identical levels of fertilization at lower sperm concentrations-a result that would not be predicted on the basis of differences in sperm velocity alone (57) . Regardless of the direct mechanism, it seems clear that S. plicata manipulate the qualities of their sperm in a way that is likely to increase their fertilization success when population densities are high and polyspermy is likely. Note that our results represent a very different situation to that usually seen in internal fertilizers, whereby a premium is placed on sperm competitive ability. In broadcast spawners, theory predicts that sperm competition will select for the release of fewer, less fiercely competing sperm, so that polyspermy does not destroy all of the available eggs (3). In our study at least, a shift to a sperm phenotype that is less likely to induce polyspermy does seem to be adaptive. Plasticity in egg traits seemed to ref lect selection pressures at both ends of the sperm environment spectrum and on multiple life-history stages-the threat of sperm limitation at low densities and the threat of both polyspermy and high postmetamorphic competition at high densities. Mothers facing sperm limitation can increase their chance of fertilization by increasing the target size of their eggs (37, 39 -41) . Here it seems that at low densities, mothers maximize their reproductive potential by increasing the target size of their eggs by increases in the area of relatively cheap follicle cells (49) . Conversely, mothers in high-density environments can reduce the risk of polyspermy by reducing the overall size of their eggs (43) . Among species, sea urchins that spawn in the most spermcompetitive conditions also produce eggs that are most resistant to polyspermy (46) . Thus, it seems that there are multiple paths to avoiding, or at least minimizing, polyspermy in broadcast spawners. Nonmanipulated individuals (i.e., individuals from the same site not subjected to density manipulations, hereafter referred to as ''wild'' individuals) had an overall egg area that was intermediate between eggs from low-and high-density treatments (Fig. 1) . This implies that the plastic response observed was indeed driven by the threat of both sperm limitation (at low densities) and polyspermy (at high densities).
Our results suggest that adults are also reacting to changes in population density by producing eggs with larger ovicells when exposed to high-density conditions. This may in turn have wider implications for postsettlement survival of offspring. Some ascidians spawn in conditions that promote gamete and larval retention (58) (59) (60) and are therefore unlikely to disperse far from their natal habitat. This means that in addition to being a good predictor of the sperm environment, local density may also be a good predictor of offspring environment. Hence, if larvae do not disperse far, offspring from mothers in high-density environments are likely to face high levels of postsettlement competition. In ascidians, egg size affects both dispersal time and postsettlement performance in the presence of competition (61) . We cannot be certain whether mothers are increasing the ovicell size of eggs to increase offspring dispersal potential, competitive ability, or both. Nevertheless, it is interesting that an increase in population density (and thus an increase in intraspecific competition) in the maternal generation leads to an increase, rather than a decrease, in offspring size [as found by Allen et al. (53) ].
It is possible that the differences in ovicell area observed between treatments resulted from a tradeoff in investment between the ovicell and follicle cells, rather than an adaptive response. However, this explanation seems unlikely because there was no significant difference between the ovicell area in low-density and wild animals, whereas the ovicell area of highdensity animals was significantly larger than in both wild and low-density animals ( Fig. 1; unpublished data, A.J.C.) . More generally, if we assume that resources for reproduction are limited, then any increase in gamete size should result in the reduction of either the number of gametes in the current reproductive bout or a reduction in reproductive output in later bouts (62) . Unfortunately, the use of the strip-spawning technique precludes a detailed quantitative measure of gamete number vs. size trade-offs. However, at higher densities (whereby resources available to reproduction are expected to be lower) there was an increase in the average size of both sperm and ovicells, implying an adaptive plastic response rather than a simple energetic constraint.
In summary, we found striking plasticity in the traits of both eggs and sperm in response to changes in adult density and the likely sperm environment. Increasing the threat of sperm competition resulted in an apparently adaptive shift in sperm traits, which had functional significance for the performance of sperm at high sperm concentrations. Surprisingly, the change in sperm size we observed was the converse of that predicted by classic sperm competition theory (2, 11) . This suggests that the maintenance of small sperm size in broadcast spawners may be due to sperm limitation rather than sperm competition-males in isolation that fail to produce sufficient numbers of sperm may suffer reproductive failure due to the rapid dilution of gametes in the hydrodynamic environment of the sea (3). Thus, the selection pressures acting on males that reproduce by the ancestral strategy of broadcast spawning seem to be very different from those acting on internal fertilizers. Importantly, the nature of changes/plasticity in egg traits seems to ref lect responses to both pre-and postzygotic selection pressures associated with an increase in the density of conspecifics. Our study adds to the growing list of studies that demonstrate transgenerational plasticity in offspring phenotype in response to changes in the conditions offspring are likely to face (reviewed in refs. 63 and 64). Interestingly, our results also indicate that mothers manipulate different elements of the offspring phenotype in response to differing preand postzygotic selection pressures. That is, mothers respond to increases in conspecific density by simultaneously reducing the target size of their eggs (presumably to decrease the risk of polyspermy) and increasing the size of their embryos (presumably making them better dispersers or competitors in the face of an increased risk of intraspecific competition). Overall, S. plicata shows a remarkable degree of gamete plasticity, with adults responding to a combination of risks from sperm competition, sperm limitation, and postzygotic competition.
Methods
Study Species and Site. Styela plicata is a broadcast spawning, solitary ascidian and a simultaneous hermaphrodite (although self-sterile) (65) . S. plicata is thought to be invasive to eastern Australia, is common on made-made structures (growing both in isolation and in clumps), and in vitro fertilization by strip-spawning techniques is straightforward (66) . Adult S. plicata were collected and field manipulations conducted at Manly Boat Harbor (Brisbane, Australia; 27.467 E 153.183 S). This private access marina consists of floating docks and is protected from wave action by a large breakwater.
Field Manipulations. We collected S. plicata from pier pilings during the reproductive season and immediately transferred them into 18 ϫ 18 ϫ 18-cm rigid plastic mesh cages (mesh size, 1 cm 2 ) suspended 20 cm below the surface.
We randomly allocated wild individuals to either a high-density (15 individuals) or low-density (1 individual) treatment. Each week we checked the treatment animals for survival, rotated positions within each cage, and cleaned the cages to maintain water flow. After 1 month in the field we collected all low-density and a randomly selected high-density individual from each cage, measured the animals, and transported them to the laboratory at the University of Queensland. We also randomly sampled wild individuals (i.e., those not involved in a density manipulation) at this time if required for fertilization experiments (see below). We held animals in aerated seawater for a maximum of 48 h before experimentation. Between January and April 2007 we ran 4 separate experimental runs, with 5 to 8 replicate cages per treatment in each run. One run was excluded from egg size analyses because the eggs of several low-density treatment animals were of poor quality. Sperm size and longevity were measured in runs 1 and 2, and sperm motility and fertilization potential were measured in runs 3 and 4.
Gamete Collection. We harvested gametes using standard strip-spawning techniques (67) . Briefly, we dissected the gonads from each individual into a Petri dish with a few drops of filtered sea water. We gently pressed the gonad extract with a rubber stopper to release the gametes and washed the extract through a 100-m filter with filtered seawater into a small beaker. This procedure allowed the eggs to be retained inside the filter, whereas the sperm passed through into the beaker. Where eggs were required for fertilization experiments, we briefly soaked them in 0.5 M potassium chloride to kill any remaining sperm (66) .
Effect of Adult Density on Egg Size. We harvested eggs from treatment animals and recorded digital images on a dissecting microscope under 45ϫ magnification using PixeLINK Capture SE software. Later we used these images to measure a random sample of 30 eggs per individual with Image-Pro Express (Media Cybernetics). We defined ''total egg area'' as the area of the egg including both the ovicell and follicle cells. Thus, total egg area represents the target size or physical size of the egg, and ovicell area represents the portion of the egg available for embryonic development. We estimated total egg area by digitally tracing around the perimeter of the follicle cells, ovicell area by tracing around the intersection of the follicle cells and ovicell, and follicle cell area by subtracting the ovicell area from the total egg area.
Effect of Adult Density on Sperm Size and Motility. Sperm size. We measured sperm size by capturing digital images of freshly extracted sperm solution on a compound microscope under 400ϫ magnification. Because tail length could not be accurately measured from images, we measured the head length of 30 replicate sperm per animal using Image-Pro Express. Sperm motility. To measure sperm motility, we collected 10 ml of sperm solution from each treatment animal (i.e., 10 ml of seawater was used to wash the gonad extract through a 100-m filter). We estimated sperm concentration with a Neubauer improved hemocytometer under 400ϫ magnification on a compound microscope, with 3 replicate counts per sample. We then recorded 4 s of video using PixeLINK OEM software, with 5 replicate videos per individual. We scored all sperm in the field of view as motile (sperm moving from side to side in a swimming motion) or nonmotile and calculated the average percent motility per video. We recognize that this method yields only an approximate estimate of motility, but our attempts to use the specialized Sperm Quality Analyzer IIB (Medical Electronic Systems) were unsuccessful because we found the S. plicata sperm to be too large and slow to be recognized by software designed for mammalian sperm. Regardless, our results suggest that our technique, although not ideal, was sensitive enough to detect differences among the groups.
Effect of Adult Density on Sperm Longevity and Fertilization Potential. We used in vitro fertilization trials to test the longevity and fertilization potential of sperm from treatment animals. Ideally we would have also examined the performance of eggs from our treatment groups at high and low sperm concentrations, but logistical constraints prevented us from running fertilization assays on eggs and sperm at the same time. Because the effect of differences in egg size on fertilization success under varying sperm concentrations has already been examined in ascidians (43) , we decided to analyze the fertilization potential of sperm. We used a split-clutch/split-ejaculate technique whereby we tested both a high-density ''male'' (i.e., an individual used as a sperm source) and a low-density male simultaneously and assayed their sperm against a common pool of eggs (i.e., a paired design). For each pairing we created a common pool of eggs using eggs from 2 wild individuals (see ''Field manipulations''). Where self-fertilization in an egg batch exceeded 10%, we excluded the trial from analyses (n ϭ 2). Sperm longevity. To examine sperm longevity, we split eggs across 18 small Petri dishes (1 ml of egg solution per dish) and left them covered until needed. Eggs left for 2 h achieved high fertilization success when fertilized with fresh sperm (unpublished data, A.J.C.), indicating that eggs remained viable throughout the assay. We then extracted 5 ml of sperm solution from a low-density and high-density treatment animal and kept it in concentrated form in a constant temperature cabinet at 22°C between time periods. We initiated fertilization by adding 0.5 ml of sperm solution to an egg sample immediately after sperm was extracted and then to successive egg samples every 15 min for 2 h. For each egg sample we estimated fertilization success by scoring all eggs in the field of view (mean ϭ 20) as cleaved or uncleaved when viewed at 30ϫ magnification on a dissecting microscope. We took 5 replicate counts per dish. Fertilization success was calculated 1 h after the initiation of fertilization because more than 50% of cleaved eggs had progressed beyond the 2-cell stage at this time. Although this method may underestimate absolute levels of either fertilization or polyspermy, any bias should be constant across treatments. At the end of each assay we calculated the time period in which fertilization success dropped below 50% of the maximum for both high-and low-density treatments. Sperm fertilization potential. To estimate the fertilization potential of sperm, we first split eggs across 8 small Petri dishes (0.5 ml egg solution per dish). We then extracted 5 ml of sperm solution from both a low-density and a high-density treatment animal and estimated sperm concentration as described above. To create 4 sperm concentration treatments (per adult density treatment), we serially diluted the sperm extract to 100%, 10%, 1%, and 0.1% of the original extraction. We added each sperm treatment to the egg samples in 3 0.5-ml doses at 5-min intervals-a standard procedure to allow time for polyspermy blocks to form (42, 66) . After 1 h we estimated fertilization success by scoring cleaved and uncleaved eggs (as described in ''Sperm longevity''). To account for differences in egg quality, we standardized fertilization success among trials by converting all fertilization estimates to a percentage of the maximum fertilization success observed within each trial. Importantly, this standardization has no effect on the outcome of our analyses; rather, it represents a way of simplifying the analyses by omitting extra terms such as Male nested within Run.
Data Analysis. To examine the effect of density treatment on egg size, sperm size, and sperm motility, we used a 2-factor ANOVA, with Treatment (highdensity and low-density) as a fixed factor and Run as a random factor. Because the interaction term in all cases was nonsignificant [see supporting information (SI) Table S1 ], it was excluded. We included adult length as a covariate in egg size analyses; however, it was excluded from the final models because it explained little variance (Table S1 ) (68) . We found no significant differences in adult sizes between treatments in any run (F1,70 ϭ 0.065; P ϭ 0.799); therefore, adult length was not included as a covariate. Importantly, we found no differences between sperm concentration estimates in either sperm motility trials (F 1,29 ϭ 2.009; P ϭ 0.167) or sperm fertilization potential assays (F1,9 ϭ 0.793; P ϭ 0.396); therefore, we excluded this factor from our analyses. To test the effect of density treatment on sperm longevity and fertilization success, we included Pair nested within Run as an additional factor, to reflect the paired nature of these fertilization trials. We also included Sperm dilution as a fixed factor in the sperm fertilization potential model. Once again, we excluded interaction terms from the models where nonsignificant (Table S1 ). Because the interaction term Treatment ϫ Sperm dilution was significant, we performed simple main effects tests to determine for which sperm dilution the treatments significantly differed (68 
